We model the complex light curve of 1SWASP J140747.93-394542.6, a ∼16 Myr old star in the Sco-Cen OB association, with a giant ring system that fills a significant fraction of the Hill sphere of an unseen secondary companion, J1407b. The best ring model has 37 rings and extends out to a radius of 0.6 AU (90 million km), and the rings have an estimated total mass on the order of 1M ⊕. The ring system has one clearly defined gap at 0.4 AU (61 million km), which we hypothesize is being cleared out by a < 0.8M⊕ exosatellite orbiting around the secondary companion.
Introduction
Extended month-to year-long eclipses indicate the presence of long lived dark disks around secondary companions, including Aurigae (Guinan & Dewarf 2002; Kloppenborg et al. 2010) , EE Cep (Mikolajewski & Graczyk 1999; Graczyk et al. 2003; Mikolajewski et al. 2005) , a precessing circumbinary disk around KH 15D (Hamilton et al. 2005; Winn et al. 2006) and three systems recently discovered in the OGLE database -OGLE-LMC-ECL-17782 (Graczyk et al. 2011) , OGLE-LMC-ECL-11893 (Dong et al. 2014) and OGLE-BLG182.1.162852 (Rattenbury et al. 2014) .
1SWASP J140747.93-394542.6 (hereafter J1407) is a pre-main sequence ∼ 16 Myr old star, 0.9M , V = 12.3 mag K5 star at 133 pc associated with the Sco-Cen OB Association (Mamajek et al. 2012; van Werkhoven et al. 2014; Kenworthy et al. 2015) . The Super Wide Angle Search for Planets (SuperWASP) database (Butters et al. 2010) showed that the star underwent a complex series of eclipses lasting ∼ 56 days around May 2007 and including a dimming of > 95%. Mamajek et al. (2012) and van Werkhoven et al. (2014) propose that these eclipses are caused by a large ring system orbiting an unseen substellar companion, dubbed J1407b.
Fitting is performed in a two step process -we first constrain the orientation of the ring system using the gradients measured from the light curve, and then use these parameters to generate a model of the ring transmission as a function of radius from the secondary companion.
The light curve I(t) of a source with finite angular size (i.e. the stellar disk of the primary) behind a tilted ring system is not time symmetric (see Figure 1 ). For each ring boundary, the gradient of the light curve is dependent on both the size of the star, and angle between the local tangent of the ring edge and the direction of motion. Ring structures smaller than that of the stellar diameter are smeared out by the resultant convolution with the stellar disk. For a given set of ring orientation parameters i disk , φ disk , b, t b , we can determine the radial distances of the rings from the secondary companion (i.e. the ring radius) at any epoch, r(t) = f (i disk , φ disk , b, t b , t), and also determine dr(t)/dt. The transmission of the disk as a function of r is given by τ (r). Together with a model of the stellar disk that includes limb darkening (see van Werkhoven et al. 2014 ) and the functional form of τ (r), we can calculate the light curve of a ring system model for any epoch.
To understand our ring orientation algorithm, consider a ring system made up of alternately transparent and opaque rings whose radial width would allow complete obscuration or transmission of the stellar disk. The transmitted intensity goes from I = I 0 to I = 0 and vice versa at a rate determined by the ring velocity v and the local tangent of the ring to the line of stellar motion, defined as parallel to the x-axis in our model. If the gradient of the light curve is measured close to the midpoint of the transit of a ring edge, and this quantity is plotted as a function of time, the result is the black curve in Figure 1 .
The function G(t) represents the maximum flux change possible between a fully transparent and fully opaque ring. For rings that have intermediate values of transmission, the resultant light gradients will lie underneath this black curve, and so the curve represents an upper bound on the light gradient for a given ring orientation. Since we do not know τ (r), we can use G(t) as an upper limit and we search for ring orientations that have all measured gradients lie underneath this curve. We calculate a cost function that minimises the difference between the model and measured gradients, and penalizes heavily if the measured point goes above the model point. Once the parameters for the disk are determined, we then fit for the ring transmission as a function of radius.
Giant exorings around J1407b
The number of ring edges in the light curve are estimated by counting the number of slope changes identified in the light curve and indirectly implied by the change of the light curve during daylight hours. At least 24 ring edges are required for the number of gradient changes detected in the J1407 data (van Werkhoven et al. 2014) , but given the sparseness of the photometric coverage this number is almost certainly higher. Figure 2 shows one possible ring solution to the J1407 photometric data, where the central eclipse is set at t b = 54220.65 MJD.
There are clear gaps in all the ring model solutions explored. Gaps in the rings of Solar system giant planets are either caused directly by the gravitational clearing of a satellite or indirectly by a Lindblad resonance due to a satellite on a larger orbit. The J1407 ring system is larger than its Roche limit for the secondary companion. We take the most probable mass and period for the moderate range of eccentricities with mass 23.8M J up and orbital period 13.3 yr. Gaps in the ring system are either seen directly as the photometric flux from J1407 returning to full transmission during the eclipse, or indirectly as a fit of the model to intermediate transmission photometric gradients. One ring gap with photometry is at HJD 54210, seen during the ingress of J1407 behind the ring system. The corresponding radius for this gap in the disk is seen from 59 million km to 63 million km (indicated in Figure 3 ). If we assume that the gap is equal to the diameter of the Hill sphere of a satellite orbiting around the secondary companion and clearing out the ring, then for the case of 23.8M J up this corresponds to a satellite mass of 0.8M ⊕ and an orbital period of 1.7 yr. With simple assumptions on ring geometry and the ring plane orientation, this ring model reproduces many but not all of the nightly photometric light curves. These discrepancies imply either an error in the determined geometry of the ring plane, and/or the rings are not coplanar.
J1407 is currently being monitored both photometrically and spectroscopically for the start of the next transit. A second transit will enable a wide range of exoring science to be carried out, from transmission spectroscopy of the material, through to Doppler tomography that can resolve ring structure and stellar spot structure significantly smaller than that of the diameter of the star. The orbital period of J1407b is on the order of a decade or possibly longer.
